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ABSTRACT

Rrp46 was first identified as a protein component of the eukaryotic exosome, a protein complex involved in 39 processing of
RNA during RNA turnover and surveillance. The Rrp46 homolog, CRN-5, was subsequently characterized as a cell death-related
nuclease, participating in DNA fragmentation during apoptosis in Caenorhabditis elegans. Here we report the crystal structures
of CRN-5 and rice Rrp46 (oRrp46) at a resolution of 3.9 Å and 2.0 Å, respectively. We found that recombinant human Rrp46
(hRrp46), oRrp46, and CRN-5 are homodimers, and that endogenous hRrp46 and oRrp46 also form homodimers in a cellular
environment, in addition to their association with a protein complex. Dimeric oRrp46 had both phosphorolytic RNase and
hydrolytic DNase activities, whereas hRrp46 and CRN-5 bound to DNA without detectable nuclease activity. Site-directed
mutagenesis in oRrp46 abolished either its DNase (E160Q) or RNase (K75E/Q76E) activities, confirming the critical importance
of these residues in catalysis or substrate binding. Moreover, CRN-5 directly interacted with the apoptotic nuclease CRN-4 and
enhanced the DNase activity of CRN-4, suggesting that CRN-5 cooperates with CRN-4 in apoptotic DNA degradation. Taken
together all these results strongly suggest that Rrp46 forms a homodimer separately from exosome complexes and, depending on
species, is either a structural or catalytic component of the machinery that cleaves DNA during apoptosis.
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INTRODUCTION

A conserved family of RNase phosphorolysis (PH) proteins
plays a key role in the correct processing, quality control,
and turnover of cellular RNA molecules and is critical to
the precise expression of genetic information and cell
survival (Symmons et al. 2002). Most of the RNase PH
family proteins have 39-to-59 exoribonuclease activity,
capable of removing the 39-end nucleotide by adding
a phosphate, rather than a water molecule, to the cleaved
phosphodiester bond, and are therefore involved in phos-
phorolytic RNA processing and degradation. Examples
include the prokaryotic PNPase (Littauer and Grunberg-

Manago 1999) and RNase PH (Deutscher et al. 1988), and
the archaeal exosome (Evguenieva-Hackenberg et al. 2003).

Rrp46 is an RNase PH family protein and was first
identified as a component protein of the eukaryotic exo-
some, a multiprotein complex involved in RNA processing,
surveillance, and turnover of various pre-mRNA, mRNA,
snRNA, snoRNA, rRNA, and tRNA species in the cyto-
plasm and the nucleus (Anderson and Parker 1998; de la
Cruz et al. 1998; Allmang et al. 1999a; van Hoof et al. 2000;
Hilleren et al. 2001; Suzuki et al. 2001; Torchet et al. 2002;
Mitchell and Tollervey 2003; Kadaba et al. 2004; Raijmakers
et al. 2004). The yeast exosome core consists of six RNase
PH family proteins (Rrp41, Rrp42, Rrp43, Rrp45, Rrp46,
and Mtr3), three KH-domain-containing proteins (Rrp4,
Rrp40, and Csl4), and additional hydrolytic exoribonucleases
(Rrp44/Dis3 and Rrp6) (Mitchell et al. 1997; Allmang et al.
1999b). Related exosomes have been described in other
species, such as among the hyperthermophilic archaea,
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nematodes, unicellular parasites, flies, plants, and humans
(Allmang et al. 1999b; Chekanova et al. 2000; Estevez et al.
2001; Koonin et al. 2001; Andrulis et al. 2002; Evguenieva-
Hackenberg et al. 2003; Liu et al. 2006). Although most cells
have other enzymes that can degrade RNA, the exosome
components are essential for cell survival (Allmang et al.
1999b; van Dijk et al. 2007).

The six RNase PH family proteins in the human
exosome—namely, hRrp41, hRrp42, hRrp43, hRrp45,
hRrp46, and hMtr3—form a ring-like hexamer structure
as revealed by the crystal structure analysis of the exosome
core (Liu et al. 2006). A similar structural organization is
observed in the archaeal exosome core complex, in which
the two archaeal RNase PH family proteins, Rrp41 and
Rrp42, form a hexameric ring composed of three copies
of Rrp41–Rrp42 heterodimers (Buttner et al. 2005;
Lorentzen and Conti 2005; Lorentzen et al. 2005; Navarro
et al. 2008). The phosphorolytic exonuclease active sites of
the archaeal exosome are situated in the internal ‘‘pro-
cessing chamber’’ of the Rrp41–Rrp42 ring. Only Rrp41
has an RNase active site, whereas Rrp42 is required for
complex assembly and activity (Buttner et al. 2005;
Lorentzen and Conti 2005; Lorentzen et al. 2005; Navarro
et al. 2008). On the other hand, the recombinant yeast
and human exosome cores are inactive and lack any de-
tectable phosphorolytic exoribonuclease activity, sug-
gesting that all of the RNase PH proteins in the ring,
including hRrp46, are inactive (Liu et al. 2006). Only when
associated with Rrp44/Dis3 does the yeast exosome have
hydrolytic activity (Dziembowski et al. 2007; Bonneau et al.
2009; Schaeffer et al. 2009). Interestingly, the exosome
core in the plant lineage seems to have phosphorolytic
activity (Chekanova et al. 2000), indicating that eukary-
otic exosomes may have evolved divergent means of RNA
degradation.

hRrp46 is also named CML28, as it is a 28-kDa antigen
abundant in the sera of chronic myelogenous leukemia
(CML) patients after allogeneic hematopoietic stem cell
transplantation (Wu et al. 2000). Additional characteriza-
tion showed that CML28 is highly expressed in a variety of
cancer cells and tissues, including leukemia, lung cancer,
and prostate cancer (Yang et al. 2002). hRrp46/CML28 has
therefore been further evaluated as an immunotherapy
target for the stimulation of anti-tumor immune response
(Zhou et al. 2006; Xie et al. 2008). Intriguingly, auto-
antibodies against hRrp46, and the exosome component
protein PM-Scl100, are often found in patients with au-
toimmune diseases, including scleroderma, polymyosistis/
sclerodema overlap syndrome, and idiopathic inflammatory
myopathy (Reichlin et al. 1984; Bluthner and Bautz 1992;
Ge et al. 1992; Brouwer et al. 2002). It is not clear why
hRrp46 or antibodies against hRrp46 are highly expressed
in cancers and autoimmune diseases, but these results do
hint, albeit vaguely, at a connection between hRrp46 ex-
pression and cell survival.

The Caenorhabditis elegans Rrp46 homolog, CRN-5, was
further identified as a cell death-related nuclease involved
in DNA fragmentation during apoptosis (Parrish and Xue
2003). CRN-5 shares significant sequence identity (31%)
with human hRrp46 (see the sequence alignment in Fig. 1).
RNAi knockdown of CRN-5 resulted in an increase of
TUNEL-reactive cells and the delayed appearance of em-
bryonic cell corpses during development in C. elegans,
indicating the involvement of CRN-5 in apoptotic DNA
degradation (Parrish and Xue 2003). Moreover, CRN-5 can
also form another complex, the degradeosome, with CPS-6,
WHA-1, CYP-13, and a number of CRN nucleases, in-
cluding CRN-4 and CRN-1 (Parrish and Xue 2003). This
result implies that CRN-5 may not be associated with the
exosome when it is involved in DNA fragmentation during
apoptosis.

To understand how Rrp46/CRN-5 functions in apoptotic
DNA fragmentation, we characterized the biochemical
properties of C. elegans CRN-5 and compared them to
those of human hRrp46 and rice oRrp46. We also de-
termined the crystal structures of CRN-5 and oRrp46. Our
results show that both recombinant and endogenous
Rrp46/CRN-5 are homodimers. Rice oRrp46 has phospho-
rolytic RNase activity and hydrolytic DNase activity.
Mutational studies of oRrp46 verified the residues involved
in catalysis and substrate binding. On the other hand, the
recombinant hRrp46 and CRN-5 have no detectable RNase
and DNase activity. Crystal structural comparison of the
active oRrp46 versus the inactive hRrp46 further suggests
the structural basis for the enzyme activity, where only the
active oRrp46 has basic residues appropriate for RNA
binding. Moreover, CRN-5 binds to DNA and to the
apoptotic nuclease CRN-4 and thereby promotes the
DNase activity of the apoptotic nuclease CRN-4 (Hsiao
et al. 2009), suggesting that CRN-5 is involved in DNA
degradation. Our findings therefore suggest that Rrp46 is
a dual-function protein: when associated with the exosome,
it is involved in RNA processing and turnover in normal
cells, and when it forms a homodimer it is involved in DNA
degradation during apoptosis. This finding therefore pro-
vides a new direction for the study of the role of hRrp46 in
cancer and autoimmune diseases.

RESULTS

Rrp46 forms a stable homodimer

The cDNA encoding C. elegans CRN-5, rice (Oryza sativa)
oRrp46, and human hRrp46 were PCR-amplified and
cloned into His-tagged fusion constructs. Recombinant
Rrp46/CRN-5 proteins were overexpressed in Escherichia
coli and purified by chromatographic methods. The His-
tagged oRrp46 and hRrp46 were purified to a homogeneity
of >98%, whereas CRN-5 was less homogeneous with
a partial population of cross-linked dimers as shown by
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SDS-PAGE in a reduced condition (see Fig. 2A). Mass
spectrometry verified the correct molecular weight of each
protein (data not shown) (theoretical molecular weights for
the recombinant proteins: 26,974 Da for oRrp46; 24,988 Da
for CRN-5; and 27,412 Da for hRrp46). The three proteins
share high sequence identity: 35% between hRrp46 and
oRrp46, 31% between hRrp46 and CRN-5, and 28%
between oRrp46 and CRN-5 (see Fig. 1).

The three purified proteins, CRN-5, oRrp46, and
hRrp46, eluted with a size between 44 kDa and 75 kDa in
size-exclusion chromatography under reduced conditions
(1 mM b-mercaptoethanol) (Fig. 2B). The molecular
weights of the three proteins estimated by dynamic light
scattering (DLS) and analytical ultracentrifugation (AUC)
under reduced conditions were also in the range of 42– 59
kDa (Fig. 2C,D), suggesting that the recombinant proteins
were homodimers with molecular weights of z50 kDa. To
further verify that Rrp46 forms homodimers in a cellular
environment, endogenous Rrp46 in the cell extracts of
human 293T cells and rice callus were blotted using
antibodies against hRrp46 and oRrp46 after gel filtration
fractionation (Fig. 2E). Two populations of hRrp46 were
observed at different elution volumes with or without the
addition of the reducing agent (1 mM b-mercaptoethanol):

the first peak eluted at 45–60 mL, indicating a high-
molecular-weight complex, and the second peak appeared
at 80–85 mL, indicating a mixture of a dimer and a mono-
mer. The cell extract of rice callus gave similar results that
oRrp46 migrated as a large-size complex and a small-size
dimer. As a control, the 293T cell extract eluted from gel
filtration fractionation was also blotted with antibodies
against hRrp42, one of the six RNase PH family proteins in
the exosome core. The Western blot displayed in Figure 2E
shows that hRrp42 only eluted in a complex with a molec-
ular weight >158 kDa. The complex identified by anti-
hRrp42 overlapped with the complex indicated by probing
with anti-hRrp46, suggesting that both proteins were likely
associated with the same complex, the exosome. This result
is consistent with the previous result in the reconstitution
of the human exosome in which a monodisperse peak with
a molecular weight of z400 kDa and a smaller size peak
were observed in the gel filtration under low-salt conditions
(Liu et al. 2006). In summary, these results suggest that the
exosome component protein hRrp42 is associated with
a protein complex, but it does not form a monomer or
a dimer in cells. On the other hand, the endogenous Rrp46
is associated with a protein complex and it also forms
a separate dimer in a cellular environment.

FIGURE 1. Sequence alignment of rice, human, and C. elegans Rrp46 (CRN-5) and archaeal Rrp41. Eukaryotic Rrp46 shares significant sequence
identity with archaeal Rrp41. Sequences listed here are Rrp46 from Oryza sativa (oRrp46), Caenorhabditis elegans (CRN-5), and human (hRrp46),
and Rrp41 from P. abyssi (PabRrp41) and S. solfataricus (SsoRrp41). The secondary structure generated from the crystal structure of oRrp46 is
shown above the sequence. TT represents b-turns. Identical and similar residues are shown in red. Mutational residues constructed in this study
are shown in yellow. The residues involved in homodimeric interactions in CRN-5 are shown in cyan. The alignment was generated by ClustalW
(http://www.ch.embnet.org/software/ClustalW.html) and ESpript (Gouet et al. 2003).
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Rice oRrp46 has DNase and RNase activity

The three Rrp46 proteins were incubated separately with
DNA for gel retardation and DNA cleavage assays to
determine their DNA-binding and cleavage activity (Fig.
3). The mobility of a 32P-labeled 20-base-pair (bp) DNA
was retarded by Rrp46/CRN-5, showing that the three
recombinant proteins all bound to the double-stranded
DNA (Fig. 3A). oRrp46 also degraded a linear 309-bp
DNA, while hRrp46 and CRN-5 had no detectable DNase
activity with a protein concentration of 1 mM in the time-
course experiments (Fig. 3B), suggesting that the recombi-
nant proteins hRrp46 and CRN-5 (and a negative control
of RNase T) had either no or very low DNase activites in
the in vitro condition. Divalent metal ions, preferably Ca2+

over Mg2+, but not phosphate ions, were required for the
DNase activity of oRrp46 (Fig. 3C), suggesting that oRrp46
was a hydrolase rather than a phosphorylase in the di-
gestion of dsDNA. Moreover, oRrp46 cleaved the plasmid
DNA, in contrast to an exonuclease TREX2, suggesting that

oRrp46 has endonucleolytic DNase activity (Fig. 3D).
Previously, the bacterial RNase PH has been shown to
bind DNA (Jensen et al. 1992), and, for the first of time, we
show here that an RNase PH family protein oRrp46 has
metal-dependent hydrolytic DNase activity.

To determine the RNA-binding and cleavage activity,
oRrp46, hRrp46, and CRN-5 were incubated with in vitro-
transcribed 2.3-kb ssRNA for gel retardation and RNA
cleavage assays. Figure 4, A and B, shows that oRrp46 had
both RNA-binding and RNase activity against ssRNA. The
retarded smears resulting from oRrp46 binding to the
2.3-kb RNA further suggest that multiple oRrp46 in high
concentrations were bound to the large-size ssRNA, likely
without sequence specificity, to induce the observable
shifts. In contrast, CRN-5 and hRrp46 could not bind to
or digest ssRNA.

To further confirm that oRrp46 is a phosphorylase,
RNase assays were performed in the presence or absence
of phosphate ions. oRrp46 digested a 20-nucleotide (nt)
ssRNA only in the presence of both Mg2+ ions and

FIGURE 2. Recombinant and endogenous Rrp46/CRN-5 are dimeric proteins. (A) The purified recombinant Rrp46 proteins from different
species were analyzed by SDS-PAGE. CRN-5 was less homogeneous with strong linked dimers that could not be dissociated into monomers on
SDS-PAGE under the reduced condition. Molecular weight markers are shown as indicated. (B) Gel filtration (Superdex 200) profiles for hRrp46,
oRrp46, and CRN-5. The recombinant Rrp46/CRN-5 all eluted with a size of a homodimer in a buffer of 25 mM Tris-HCl (pH 7.6), 150 mM
NaCl and 1 mM b-mercaptoethanol. oRrp46 shifted into monomers with the addition of 5% PEG 3350 (oRrp46/PEG). (C) Dynamic light
scattering (DLS) analysis of native Rrp46 proteins. The estimated molecular weights of each protein (in parentheses) are listed in the figure. (D)
Analytical ultracentrifugation (AUC) of recombinant hRrp46 and CRN-5. The sedimentation velocities of hRrp46 and CRN-5 were recorded in
a buffer of 25 mM Tris-HCl (pH 7.6), 150 mM NaCl, and 1 mM b-mercaptoethanol under 40,000 rpm ultracentrifugation. The calculated
molecular weights of each protein are listed in the figure. See also Supplement Data (Supplemental Fig. S1). (E) Endogenous Rrp46 either formed
homodimers, or associated with a protein complex. Human (293T) and rice (callus) cell extracts were fractionated on a Superdex 200 gel-
filtration column in a buffer with (+b-ME) or without b-mercaptoethanol and analyzed by Western blotting using rabbit anti-hRrp42, anti-
hRrp46 or anti-oRrp46 serum. The hRrp42 was used as a control to show that it only associated with a protein complex. The cell extract before
fractionation is shown in lane L.
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phosphate ions (Fig. 4C). Moreover, using an in vitro-
transcribed ½a-32P]ATP-incorporated single-stranded RNA
as the substrate, oRrp46 cleaved ssRNA into ADP but not
AMP (Fig. 4D), further confirming that oRrp46 was
a phosphorolytic RNase. Altogether, these results suggest
that rice oRrp46 is not only a hydrolytic
DNase but also a phosphorolytic RNase,
whereas the human hRrp46 and the
worm homolog CRN-5 are only capable
of binding to DNA but have neither
DNase nor RNase activity.

Overall crystal structures of oRrp46
and CRN-5

To elucidate the molecular basis of
oRrp46 and CRN-5 in domain assembly
and nucleic acid cleavage activity, we
crystallized the two proteins for three-
dimensional structural determination.
oRrp46 crystallized in the trigonal space
group P31 with three molecules per
asymmetric unit, diffracting X-rays to
a resolution of 2.0 Å, whereas CRN-5
crystallized in the monoclinic space
group P21 with two molecules per

asymmetric unit, diffracting X-rays to
a resolution of only 3.9 Å. Both struc-
tures were solved by molecular replace-
ment using the crystal structure of hu-
man Rrp46 (PDB accession code 2NN6,
chain D) as the search model. The
statistics for X-ray diffraction and struc-
tural refinement are listed in Table 1.

oRrp46 was a dimer in solution;
however, the three molecules in the
asymmetric unit shared little contact
area with buried interfaces <300 Å2 for
each subunit. To confirm the oligo-
meric state in the crystals, we found
that oRrp46 was a monomer in the
crystallization condition with a buffer
solution containing 5% PEG3350 using
gel filtration assays (see the elution
profile marked with oRrp46/PEG in
Fig. 2B). The human hRrp46 in the
reconstituted six-subunit exosome com-
plex also migrated as a monomer in the
gel filtration analysis under low-salt
conditions, suggesting that hRrp46 di-
mers may be dissociated into mono-
mers at a low-ionic-strength condition
(Liu et al. 2006). Moreover, we found
that oRrp46 lost its DNase activity in
the presence of 20% PEG3350, indicat-

ing that the dimeric conformation is important for the
DNase activity (see Fig. 3E). Therefore oRrp46 was crys-
tallized in a monomeric form, dissociated by PEG3350. The
final model had an R-factor/R-free of 0.169/0.235 for
54,728/2776 reflections at a resolution of 2.0 Å.

FIGURE 3. Rrp46 DNA-binding and DNase activity assays. (A) Gel-retardation assays show
that Rrp46 binds to double-stranded DNA. Rrp46 (0, 5, and 10 mM) were incubated with 20-
mer DNA (20 nM) in the buffer of 20 mM HEPES (pH 7.0) and 5 mM EDTA. The protein–
DNA complexes were indicated by a bracket marked at the right of the panel. (B) DNA
cleavage assays show that only rice oRrp46 cleaved double-stranded linear DNA. Rrp46 (1 mM)
was incubated with the linear dsDNA (30 nM) in the DNase reaction buffer (20 mM HEPES
½pH 7.0], 100 mM NaCl, 1 mM CaCl2, and 1 mM DTT) at 37°C for the indicated periods,
followed by agarose gel electrophoresis. A control reaction without any Rrp46 added is shown
in lane C. RNA-specific RNase T was used as a negative control. (C) Rice oRrp46 is a metal
ion-dependant hydrolytic DNase. oRrp46 (1 mM) was incubated with linear dsDNA (30 nM)
at 37°C for 20 min in the presence or absence of MgCl2, CaCl2, and NaH2PO4. All the reaction
buffers contained 20 mM HEPES (pH 7.0), 100 mM NaCl, and 1 mM DTT with addition of 2
mM MgCl2 in lane Mg, 1 mM CaCl2 in lane Ca, 5 mM NaH2PO4 in lane Pi, and combinations
of each of two factors in the rest of the lanes. A control reaction without metal and phosphate
ion added is shown in lane Buffer. (D) Rice oRrp46 cleaves plasmid DNA. oRrp46 (0.2 mM)
was incubated with 100 ng plasmid DNA at 37°C for up to 60 min in the DNase reaction
buffer. TREX2, an exonucleolytic hydrolase, was used as a negative control: o, open circular; l,
linear; s, super coiled. (E) Rice oRrp46 lost its DNase activity in the presence of PEG3350.
oRrp46 (0.2 mM) was incubated with 100 ng plasmid DNA at 37°C for 30 min in the presence
of various concentration (0%–20%) of PEG3350. Lane C is for loading control: o, open
circular; l, linear; s, super coiled.

FIGURE 4. Rrp46 RNA-binding and RNase activity assays. (A) Gel retardation assays show
that only rice oRrp46 binds to RNA. In vitro-transcribed RNA (500 ng) was incubated with
Rrp46 (2.5 or 10 mM) in the RNA-binding buffer (50 mM Tris, pH 8.0, 10 mM EDTA, 1 U/mL
RNaseIN) on ice for 30 min. The up-shifted RNA was indicated by an arrow. (B) RNA cleavage
assays show that rice oRrp46 degrades RNA substrates. The bracket marked at the right
indicates the degraded RNA. Rrp46 (5 mM) was incubated with the same substrate used in
Figure 4A in the RNase reaction buffer (50 mM Tris ½pH 8.0], 50 mM KCl, 2 mM MgCl2,
5 mM Na2HPO4, and 1U/mL RNaseIN) at 30°C for 1 h followed by agarose gel electrophoresis.
(C) Rice oRrp46 is a metal ion- and phosphate-dependent RNase. oRrp46 (2 mM) was
incubated with 59-labeled 20-mer ssRNA in conditions mentioned in Figure 3C. A control
reaction with both cofactors but without any Rrp46 added is shown in lane C. (D) Thinlayer
chromatography (TLC) separation of the final RNA reaction products cleaved by rice oRrp46.
The internal 32P-labeled RNA substrate was incubated with oRrp46 for 60 min with or without
the presence of 5 mM phosphate (�Pi and +Pi). Positions of the cofractionated unlabeled
ADP and AMP are shown on the right.
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The monomeric oRrp46 adopts a b-a-b-a folding and
shares a similar structure to other RNase PH exonucleases
(Fig. 5A). Superposition of oRrp46 onto hRrp46 by the
secondary-structure-based method gave an RMSD of 1.29
Å over 187 Ca atoms. Superposition of oRrp46 onto
archaeal Rrp41–Rrp42 dimer (PDB accession code: 2JEA)
gave an RMSD of 1.32 Å over 202 Ca atoms against the
active Rrp41, and 1.49 Å over 197 Ca atoms against the
inactive Rrp42. This result suggests that oRrp46 shares
a similar overall structure to other RNase PH family
proteins with or without RNase activity.

To understand how Rrp46 monomers associate into
a dimer, CRN-5 was crystallized in the conditions favoring
homodimer formation. The resolution of the CRN-5
structure was only 3.9 Å, but this was sufficient to reveal
the overall folding and dimeric assembly. The crystal
structure of the dimeric CRN-5 is shown in Figure 5C,
with a major interface contributed to by two antiparallel
b-strands (residues 170–176) (see Fig. 1, b10). A hydro-
phobic area formed by the residues FIQL (180–183) of the
a4 helix also stabilized the dimeric interface.

The CRN-5 structure is the first homodimeric structure
observed in the RNase PH family proteins, the rest of which
all crystallized in trimeric or hexameric forms with six
RNase PH domains forming a ring-like structure, including
the human exosome (Liu et al. 2006), the archaeal exosome

(Buttner et al. 2005; Lorentzen and Conti
2005; Lorentzen et al. 2005; Navarro et al.
2008), bacterial PNPase (Symmons et al.
2000; Shi et al. 2008), and RNase PH
(Ishii et al. 2003; Harlow et al. 2004).
Superposition of the CRN-5 dimer over
hRrp46-hRrp43 gave a RMSD of 3.05 Å
over 273 Ca atoms, whereas superposi-
tion of the CRN-5 dimer onto the
archaeal Rrp41–Rrp42 dimer (PDB ac-
cession code: 2JEA) gave a RMSD of 3.02
Å over 279 Ca atoms. These results
suggest that the dimeric assembly mode
of CRN-5 is similar to the one that exists
between hRrp43 and hRrp46 in the hu-
man exosome, and to the one between
Rrp41 and Rrp42 in archaeal exosomes.

Residues involved in substrate
binding and cleavage in oRrp46

oRrp46 has both DNase and RNase
activity, so the next question that arose
was where the substrate-binding and
active sites are in the dimeric oRrp46.
The active residues of the phosphoro-
lytic RNase PH domain have been well
studied in archaeal exosomes (Buttner
et al. 2005; Lorentzen and Conti 2005;

Navarro et al. 2008). One acidic residue (D182 in Sulfolobus
sulfataricus, D180 in Pyrococcus abyssi) is critical for the
RNase activity of archaeal Rrp41, and this acidic residue is
conserved in both active and inactive RNase PH proteins,
including D486 of PNPase, E174 of hRrp46, E219 of hRrp42,
D180 of PaRrp41, and E160 of oRrp46. The recent crystal
structure analysis of the E. coli PNPase bound to manganese
further suggests that this conserved acidic residue (D486) is
bound to the metal ion, responsible for stabilizing the
transition state (Nurmohamed et al. 2009). Superposition
of the structure of oRrp46 with all of these RNase PH
enzymes showed that E160 in oRrp46 fitted well with the
conserved acidic residues (marked by an arrow in Fig. 5A).
We therefore mutated E160 to determine whether this residue
is a catalytic residue in oRrp46. As a result, the purified
oRrp46 E160Q lost most of its DNase activity in digesting
a linear 309-bp dsDNA (see Fig. 6A); however, the mutant
only lost partial activity in digesting a 20-mer ssRNA (Fig.
6B). These results suggest that E160 plays a more important
role in catalyzing the hydrolytic cleavage of DNA, and it plays
a less critical role in the phosphorolytic cleavage of RNA.

To determine the residues involved in nucleic acid
binding, we compared the crystal structures of oRrp46
with those of active archaeal Rrp41 (PDB accession code:
2PO1, chain B) and human hRrp46 (PDB accession code:
2NN6, chain D). A 5-nt RNA substrate bound in the

TABLE 1. X-ray data collection and refinement statistics for rice oRrp46 and C. elegans
CRN-5

Statistics oRrp46 CRN-5

Data collection
Space group P31 P21

Cell dimensions (Å/degree) a = 111.61 a = 90 a = 61.92 a = 90
b = 111.61 b = 90 b = 44.83 b = 100.67
c = 57.70 g = 120 c = 65.58 g = 90

Wavelength (Å) 1.00 1.00
Resolution (Å) 50.00–2.00

(2.07–2.00)a
50.00–3.90
(4.04–3.90)a

Observed reflections 185,470 9991
Unique reflections 55,506 3235
Completeness (%) 99.8 (99.7) 97.7 (91.3)
<I>/<sI> 21.65 (3.16) 14.06 (5.28)
Rsym

b(%) 6.50 (35.40) 9.1 (26.70)

Refinement
Resolution range (Å) 50.00–2.00 50.00–3.90
Reflections (working/test) 54,782/2776 3217/227
R-factor/R-free (%) 16.9/23.5 30.7/35.6
Number of atoms (protein/water) 4687/416 2576/0
Average B-factor (Å2) 26.1 87.9
RMS deviations

(bond length [Å]/bond angle [degree]) 0.006/1.090 0.005/0.989
Ramachandran plot (%)

Most favored/additional allowed/
generously allowed/disallowed

89.2/10.6/0.2/0.0 66.5/28.2/3.9/1.4

aHighest resolution shell is shown in parentheses.
bRsym =ShklSi | Ii(hkl)- <I(hkl)> | Ii(hkl).
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structure of the P. abyssi Rrp41–RNA complex reveals two
important basic residues, R96 and R97, involved in RNA
binding (circled in Fig. 5C; Navarro et al. 2008). These two
basic residues are missing in the inactive hRrp46 (Fig. 5C,
gray, V89 and A90) and hRrp42 (Fig.
5C, yellow, D100 and L101), suggesting
that the loss of RNase activity is likely
a result of the loss of RNA-binding
activity. In oRrp46 a polar (Q76) and
a basic (K75) residue are located at the
corresponding RNA-binding site and
may play a similarly important role in
RNA binding. To verify our hypothesis,
we constructed a double mutant of
oRrp46, K75E/Q76E, to test its RNA-
binding and cleavage activity. This
oRrp46 mutant (K75E/Q76E) almost
completely lost its DNA- and RNA-
binding activity in gel retardation assays
(Fig. 6C,D). The DNase and RNase
activity were also abolished, compared
with the wild-type oRrp46 (Fig. 6A,B).
Therefore, K75 and Q76 of oRrp46 are
indeed involved in RNA and DNA

binding. Impairment of the substrate-
binding ability of oRrp46 results in the
loss of its nuclease activity.

CRN-5 interacts with CRN-4
and enhances the DNase activity
of CRN-4

CRN-5 was identified as a cell death-
related nuclease involved in DNA frag-
mentation during apoptosis in C. ele-
gans (Parrish and Xue 2003). However,
here we show that CRN-5 only binds to
DNA without detectable DNase activity.
It was therefore puzzling how CRN-5
is involved in DNA fragmentation. It
has been shown previously that CRN-5
is a component of a protein complex, the
degradeosome, interacting with CPS-6,
CRN-4, CRN-1, and CYP-13 in GST
pull-down assays (Parrish and Xue 2003).
To further clarify the role of CRN-5 in
DNA degradation, we tested its inter-
action with CRN-4, a fully characterized
DEDD family apoptotic nuclease with
both DNase and RNase activity (Hsiao
et al. 2009). We confirmed that His-
tagged dimeric CRN-5 interacted di-
rectly with dimeric CRN-4 by His-tag
pull-down assays (see Fig. 7A; Parrish
and Xue 2003). Moreover, the DNase

activity of CRN-4 was enhanced by the presence of CRN-5
compared with that of CRN-4 alone (Fig. 7B, cf. 6.5% DNA
remaining and 13% DNA remaining with CRN-4 alone).
These results suggest that CRN-5 promotes CRN-4’s DNase

FIGURE 5. Crystal structures of the monomeric oRrp46 and dimeric CRN-5. (A) The crystal
structure of the monomeric oRrp46. The catalytic residue, E160, and substrate-binding
residues, K75 and Q76, in the active site are shown as a stick model. (B) Superposition of the
active sites of several RNase PH proteins shows that a conserved acidic residue is located at the
same position: E160 in oRrp46 (this study), E148 in CRN-5 (this study), D180 in PaRrp42
(2PO1, chain A), E174 in hRrp46 (2NN6, chain D), and E219 in hRrp42 (2NN6, chain E). The
bound RNA nucleotide cocrystallized with PaRrp41 is displayed as a ball-and-stick model. (C)
The crystal structure of the dimeric CRN-5. Individual monomers are shown in blue and cyan,
respectively. Comparison of RNA-binding residues in RNase PH proteins. The two basic
residues, R96 and R97, bind to the phosphate groups of RNA (displayed as a ball-and-stick
model) in PaRrp41 (green, 2PO1, chain A). Corresponding residues in oRrp46 (Q76 and K75)
are more suitable for RNA binding compared with those in the inactive enzymes of hRrp46
(V89 and A90) and hRrp42 (D100 and L101). The strong RNA-binding residues are circled in
solid lines and the weak RNA-binding residues are circled in dashed lines.

FIGURE 6. In vitro nuclease activity assays of wild-type and mutated oRrp46. (A) DNA (309
bp, 30 nM) cleavage assays by the wild type, active-site mutant (E160Q), and nucleotide-
binding-site mutant (K75E/Q76E) of oRrp46 (1 mM). All the reaction conditions were
identical to those in Figures 3 and 4. (B) Time-course RNA cleavage assays by the wild type,
E160Q, and K75E/Q76E mutant of oRrp46. The RNA markers that varied from 1 to 20
nucleotide(s) are labeled on the left of the panel. (C) DNA gel shift assays of the wild type and
K75E/Q76E mutant of oRrp46. The protein–DNA complex is indicated with an arrow. (D)
RNA gel shift assays of the wild type and K75E/Q76E mutant of oRrp46. The up-shifted RNA
is indicated by arrows. The bracket at the right indicates the up-shifted RNA.
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activity and these two proteins act cooperatively in DNA
degradation.

DISCUSSION

RNA-binding residues are critical for the enzyme
activity of RNase PH proteins

RNase PH family proteins are a group of fascinating
enzymes, sharing similar sequences and structures, but they
have evolved differently with either retained or lost RNase
activity (Symmons et al. 2002). They can be grouped into
active RNases, which include RNase PH, the second PH
domain of PNPase, archaeal Rrp41, plant Rrp41 and
oRrp46, and inactive RNases, including the first PH
domain of PNPase, archaeal Rrp42, and all the human
and yeast RNase PH proteins in exosomes. The structural
basis of an active versus an inactive RNase PH enzyme in
RNA cleavage is still under discussion. Previous studies
have focused on the comparison of the conserved general-
acid residue and the varied phosphate-binding residues
among the RNase PH family proteins (Buttner et al. 2005;
Lorentzen and Conti 2005; Navarro et al. 2008).

Here we identify a quite significant feature in RNase PH
family proteins that differentiates an active enzyme from
an inactive one. We found that the active oRrp46 has
a positively charged region located at the RNA entry site
(due to ‘‘strong RNA-binding residues,’’ shown in Fig. 5C),
which may facilitate RNA binding (marked by a red circle
in Fig. 8). A similar positively charged RNA-binding region
can be observed on the active enzymes of archaeal Rrp41
(PaRrp41) and the second domain of PNPase (PNPase_

RNase PH II). On the contrary, the surface of the
corresponding regions on the inactive enzymes, including
archaeal Rrp42 (PaRrp42), the first domain of PNPase
(PNPase_RNase PH I) and human Rrp46, are neutral or
even acidic, and thus not suitable for RNA binding
(marked by a green circle in Fig. 8). The loss of nucleic
acid-binding ability in the oRrp46 K75E/Q76E mutant
resulted in the loss of its RNA cleavage activity, further
supporting this suggestion that the ability to bind sub-
strates is closely related to the nuclease activity of an RNase
PH enzyme. This observation is true for all the RNase PH
proteins with known structures, except for the inactive
human Rrp41, which has suitable residues for the role of
general acid and phosphate binding, and also appropriate
residues for RNA binding (Lorentzen and Conti 2005).
Therefore, we conclude that possessing the correct RNA-
binding residues at the entry site of an RNase PH protein is
a necessary, but not sufficient, condition for efficient RNase
activity.

Dual roles of Rrp46 in RNA turnover
and DNA degradation

Our biochemical and structural analyses demonstrate that
the eukaryotic exosomal component proteins, including
hRrp46 and oRrp46, form a stable homodimer in vivo and
in vitro. The homodimeric rice oRrp46 shows, for the first
time, both hydrolytic DNase and phosphorolytic RNase
activity. On the other hand, the nematode Rrp46 (CRN-5)
and human hRrp46 had no detectable DNase and RNase
activities. It has been shown that Rrp41 from Arabidopsis

FIGURE 7. CRN-5 interacts with CRN-4 and enhances CRN-4’s
DNase activity. (A) His-tag pull-down assays of CRN-4 by His-tagged
CRN-5. The His-tagged CRN-5 was incubated with or without CRN-
4, and then the complex was pulled down in a Ni-NTA spin column.
The eluted solution was analyzed by Western blotting using anti-
CRN-4 (a-CRN-4) and anti-6xHis (a-6xHIS) antibodies. (B) Assays
of CRN-4 DNase activity in the presence or absence of CRN-5. A
linear 309-bp double-stranded DNA (30 nM) was incubated with
CRN-4 (1 mM), CRN-5 (2 mM), or both together, and the DNA
digests were analyzed and quantified by gel electrophoresis. CRN-4
cleaved linear dsDNA more efficiently in the presence of inactive
CRN-5 (6.5% vs. 13% DNA remained).

FIGURE 8. Electrostatic surface potential and substrate-binding sites
of active and inactive RNase PH proteins. The active RNase PH
proteins all have positive surfaces at the RNA-binding site (circled),
including PaRrp41 (2PO1, chain A), RNase PH II domain of PNPase
(3CDI), and oRrp46 (this study). The RNA bound in PaRrp41 is
displayed as a stick model. On the contrary, the inactive RNase PH
proteins have neutral or acidic surfaces at the RNA-binding sites
(circled), including PaRp42 (2PO1, chain B), RNase PH I domain of
PNPase (3CDI), and hRrp46. The color scale of the surface potential
was set from �75 kT/e (red) to 75 kT/e (blue), as calculated by Pymol
(DeLano Scientific LLC, http://www.pymol.org).
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thaliana displays a processive phosphorolytic exoribonu-
clease activity (Chekanova et al. 2000). Our results show,
without forming an exosome complex, that homodimeric
oRrp46 alone is also an active phosphorolytic RNase. The
RNase activity of oRrp46 can be abolished by substrate-
binding site (K75 and Q76) mutation, excluding the
possibility of contamination by E. coli enzymes during
protein preparation. This result thus shows that eukaryotic
exosome core complexes have evolved distinctive ways of
degrading RNA, as some of the plant exosome RNase PH
component proteins do have RNase activities, compared
with the yeast and human exosomal proteins which have no
detectable activity.

Rrp46/CRN-5 is also a candidate for apoptotic DNA
degradation in C. elegans (Parrish and Xue 2003). Here we
show that rice oRrp46 indeed has DNase activity, and C.
elegans CRN-5 enhances the DNase activity of CRN-4.
These results provide new lines of evidence to support the
involvement of Rrp46 in apoptotic nucleosomal degrada-
tion. Although CRN-5 only increases the DNase activity of
CRN-4 slightly in vitro, it is likely that various apoptotic
nucleases in the degradeosome complex, including CPS-6,
CRN-1, CRN-3, CRN-4, CRN-5, and CYP-13, work to-
gether and increase the efficiency of DNA degradation with
a synergistic effect in cellular environments. Another
exosome component protein, CRN-3, a homolog of human
PM-Scl100 and yeast Rrp6, is also implicated in the
degradeosome and is suggested to be involved in DNA
degradation during apoptosis (Parrish and Xue 2003).
Therefore, CRN-5 is not the only exosome component
protein that is identified as a player in DNA fragmentation
during apoptosis.

Interestingly, autoantibodies against both PM-Scl100
and hRrp46 are often identified in the patients with
autoimmune diseases (Reichlin et al. 1984; Bluthner and
Bautz 1992; Ge et al. 1992; Brouwer et al. 2002). Loss or
reduction of DNase activity of several nucleases has been
shown to link to a number of autoimmune diseases, such
as DNase I associated with systemic lupus erythmatosus
(Napirei et al. 2000; Yasutomo et al. 2001), and DNase II
associated with rheumatoid arthritis (Kawane et al. 2006).
It is suggested that the DNA escaping from degradation
during program cell death elicits autoimmune responses;
however, the underlying mechanisms and signaling events
that regulate innate immune responses to extracellular and
cytosolic undigested DNA are still elusive (Green et al.
2009; Okabe et al. 2009). The finding of autoantibodies of
hRrp46 and PM-Scl100 in autoimmune diseases hints at
a link between the two exosome component proteins and
DNA degradation.

A search in the cancer database further shows that
hRrp46 is up-regulated in various cancer tissues, including
eye, lung, placenta, and skin cancers (Krizman et al. 1999).
This up-regulation trend is, however, not observed for
other exosomal RNase PH proteins, further suggesting that

hRrp46 may play a function other than RNA turnover and
processing. In summary, our results strongly support the
notion that Rrp46/CRN-5 forms a homodimer, participat-
ing in DNA degradation in cell death. Rrp46 likely switches
its role and plays dual functions between life and death.
Based on these biochemical, cellular, structural. and muta-
tional results, we suggest that Rrp46 is not only an exosome
component protein participating in RNA degradation and
processing, but that it also forms a homodimer involved in
DNA degradation in apoptosis. This finding therefore
opens a new direction for the future study of hRrp46 to
uncover its link to autoimmune diseases and cancer.

MATERIALS AND METHODS

Cloning, protein expression, and purification

Full-length cDNAs of human and of rice Rrp46 were purchased
from OpenBiosystems (Clone ID: 4308795) and the KOME
database (Clone ID: 204796), respectively. The genes of the full-
length rice Rrp46 (oRrp46), CRN-5, and human Rrp46 (hRrp46)
were PCR-amplified and cloned into expression vectors, pET-22b
(Novagen), pQE-70 (Qiagen), and pET-28c (Novagen), respec-
tively, to generate His-tagged fusion constructs. pQE-70-CRN5
expression plasmid was transformed into the E. coli M15 strain
cultured in LB medium, supplemented with 100 mg/mL ampicillin.
pET-22b-oRrp46 and pET-28c-hRrp46 were transformed into the
E. coli BL21-CodonPlus(DE3)-RIPL strain (Stratagene) cultured
with 75 mg/mL streptomycin, 50 mg/mL chloramphenicol, and
100 mg/mL ampicillin or 50 mg/mL kanamycin. The transformed
bacterial expression strains were grown to an OD600 of 0.4 and then
induced with 0.5 mM IPTG at 18°C for 20 h. The harvested cells
were disrupted by a microfluidizer in the buffer of 50 mM Tris-HCl
(pH 7.6), 300 mM NaCl, and 1 mM b-mercaptoethanol.

The crude cell extract was passed through a TALON metal affinity
resin column (BD Biosciences) followed by a gel filtration chroma-
tography column (Superdex 200; GE Healthcare). Purified protein
samples were concentrated to a suitable concentration in 25 mM
Tris-HCl (pH 7.6), 150 mM NaCl, and 1 mM b-mercaptoethanol.
The homogeneity of the protein was analyzed by electrophoresis.
Protein samples (2 mg) were mixed with the sample loading buffer
containing the reducing agent (6 mM b-mercaptoethanol) and were
heated to denature the protein before resolving the sample in 10%
SDS-PAGE stained with Commassie blue (see Fig. 2A). All oRrp46
point mutants were generated by Quickchange site-directed muta-
genesis kits (Stratagene) and purified by the same procedure as the
wild-type oRrp46.

Dynamics light scattering and analytical
ultracentrifugation

Dynamics light scattering (DLS) measurements were carried out
on a Dyna-Pro 99 MS800 instrument (Protein Solutions). The
purified protein (0.5 mg/mL) in a buffer of 20 mM HEPES (pH
7.0), 100 mM NaCl, 1 mM CaCl2, and 1 mM DTT was centrifuged
at 16,000g, 4°C for 15 min, and the supernatant was placed in a
12-mL cuvette (b = 1.5 mm). The protein samples were incubated

Yang et al.

1756 RNA, Vol. 16, No. 9

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


for 5 min at 20°C before data acquisition over an acquired time of
15 min. The size distribution plots—the x-axis showing a distribu-
tion of estimated particle radius (nm) and the y-axis showing the
relative intensity of the scattered light (percentage of intensity)—
were analyzed with software Dynamics V5.26.60 (Protein Solutions).

For analytical ultracentrifugation (AUC) assays, the recombi-
nant human hRrp46 and C. elegans CRN-5 were concentrated to
an OD280 of 0.5 in 25 mM Tris-HCl (pH 7.6), 150 mM NaCl, and
1 mM b-mercaptoethanol. Sedimentation velocities of proteins
were performed at 40,000 rpm (Beckman XL-A) under 4°C.
Multiple scans (OD280) at different time intervals were then fitted
to a continuous c(s) distribution model using the SEDFIT pro-
gram (Schuck 2000; Brown and Schuck 2006).

Fractionation of cell extracts and Western blotting

Human kidney 293T cells were pooled and extracted by sonication
in 2 mL of PBS buffer (10 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4, 140 mM NaCl, and 2.7 mM KCl) with or without 1 mM
b-mercaptoethanol. Rice callus cells were dried and extracted by
grinding in liquid nitrogen and then dissolved in 2 mL PBS buffer.
Crude cell extract was then centrifuged at 16,000g, 4°C for 15 min.
The supernatant was collected and passed through a gel filtration
chromatography column (Superdex 200, GE Healthcare). Eluted
fractions were collected and concentrated using Vivaspin 6 cen-
trifugal concentrators (GE Healthcare). Equal volumes of con-
centrated fractions were separated by SDS-PAGE, and probed by
Western blotting using anti-hRrp46, anti-oRrp46, and anti-hRrp42
antibodies.

DNA-binding and DNase activity assays

For DNA gel shift assays, 20 nM of 59-end P32-labeled 20-nt
double-stranded DNA (59-ACTGGACAAATACTCCGAGG-39)
were incubated with different concentrations of purified recombi-
nant protein in a buffer containing 20 mM HEPES (pH 7.0) and
5 mM EDTA on ice for 1 h After incubation, the reaction mixtures
were resolved in 10% polyacrylamide gels, which were exposed to
the phosphorimaging plate (Fujifilm) and analyzed by an FLA-
5000 (Fujifilm) imaging system (Figs. 3A, 6C).

For the DNase activity assays shown in Figures 3, B and C, and
6A, 309-bp linear double-stranded DNA (30 nM) were incubated
with the purified protein (1 mM) in the DNase reaction buffer
containing 20 mM HEPES (pH 7.0), 100 mM NaCl, 1 mM CaCl2,
and 1 mM DTT at 37°C for the indicated periods. For the DNase
activity assays shown in Figure 3D, a pQE-70 plasmid DNA (100
ng) was incubated with 0.2 mM purified protein in the DNase
reaction buffer at 37°C for the indicated periods. For the DNase
activity assays shown in Figure 7B, purified CRN-4 and/or CRN-5
(concentration 1–2 mM) was incubated with 309-bp double-
stranded DNA (30 nM) in a solution of 10 mM NaCl, 3 mM
MgCl2, 1 mM CaCl2, and 20 mM Tris-HCl (pH 6.0) at 30°C for 40
min. All the reactions were stopped by adding 10 mM proteinase
K for 10 min to remove proteins. The digest patterns were
resolved on 1% or 1.5% agarose gels stained by ethidium bromide
and quantified by AlphaEaseFC software (Alpha Innotech).

RNA-binding and RNase activity assays

The 2.3-kb ssRNA was transcribed in vitro using a MAXIscript kit
(Ambion). The 20-mer ssRNA (59-ACUGGACAAAUACUCCGA

GG-39) was first labeled at the 59 end with ½g-32P] ATP by T4
polynucleotide kinase and then purified on a Microspin G-25
column (GE Healthcare) to remove the unincorporated nucleo-
tides. For RNA-binding assays, 500 ng of 2.3-kb ssRNA substrates
were incubated with different concentrations of recombinant
purified protein in the RNA-binding buffer (50 mM Tris-HCl at
pH 8.0, and 10 mM EDTA) on ice for 30 min. After incubation,
the reaction mixture was separated on 1% agarose gels and stained
with ethidium bromide.

For RNase activity assays, 20 nM of labeled 20-mer ssRNA or
500 ng 2.3-kb ssRNA substrates was incubated with different
concentrations of purified protein in the RNase reaction buffer
(50 mM Tris-HCl at pH 8.0, 50 mM KCl, 2 mM MgCl2, 5 mM
NaH2PO4, and RNase IN ½1 U/mL, Promega]) at 30°C for 1 h. The
reaction was stopped at the time point indicated in the figures by
adding TBE-Urea sample buffer (Bio-Rad) or 10 mM proteinase
K. Digest patterns of 20-mer ssRNA were resolved in 20%
polyacrylamide/7 M urea gels, which were exposed to the
phosphorimaging plate (Fujifilm) and analyzed by an FLA-5000
(Fujifilm) imaging system.

The RNA substrate used in the thin layer chromatography (Fig.
4D) was transcribed by T7 RNA polymerase with linearized
(XhoI) pET-22b (Novagen) in the presence of ½a-32P]ATP.
Ascending thin layer chromatography was done on polyethyle-
neimine-cellulose plates (Sigma) in 1.2 M formic acid and 0.5 M
LiCl. The cold AMP and ADP standards (100 nmol) were added
to the samples before loading. Standards were visualized by UV
shadowing.

Crystallization and X-ray diffraction data collection

Crystals of CRN-5 and oRrp46 were grown by the hanging-drop
vapor diffusion method at room temperature. The crystalliza-
tion drop was made by mixing 1 mL of protein solution and 1 mL
of reservoir solution. oRrp46 (7.5 mg/mL, 50 mM Tris-HCl,
pH 8.0, 150 mM NaCl) was crystallized using a reservoir solu-
tion containing 0.2 M sodium malonate (pH 7.0) and 20%
PEG3350. CRN-5 (30 mg/mL, 50 mM Tris-HCl at pH 8.0) was
crystallized using a reservoir solution containing 0.1 M Tris-HCl
(pH 8.0), 0.2 M NaCl, and 25% PEG3350. Diffraction data of
oRrp46 and CRN-5 were collected at �150°C at beamlines 13C1
and 13B1, respectively, of the National Synchrotron Radiation
Research Center, Taiwan, and were processed and scaled by
HKL2000 (Otwinowski and Minor 1997). All diffraction statistics
are listed in Table 1.

Structure determination and refinement

oRrp46 crystallized in the trigonal space group P31 as twin crystals
with a twin factor of 0.5. The twin operation of the Miller index
was assigned as (h,-h-k,-l) using Phenix (Xtriage) (Adams et al.
2002), as well as Merohedral Crystal Twinning Server (Yeates
1997). CRN-5 crystallized in the monoclinic space group P21 with
two molecules per asymmetric unit. The structure oRrp46 and
CRN-5 were solved by molecular replacement by CCP4-Molrep
(Potterton et al. 2003) and BALBES (Long et al. 2008), re-
spectively, using the crystal structure of human Rrp46 (PDB
accession code: 2NN6, chain D) as the search model. The protein
model was constructed using the program Coot (Emsley and
Cowtan 2004) and refined by Phenix (Adams et al. 2002). Due to
the low resolution of the CRN-5 data (3217 unique reflections),
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the CRN-5 structure was refined in the final stage by rigid-body
refinements followed by group B factor refinements (one residue
per group). The stereochemical quality of the refined model was
evaluated by PROCHECK (Laskowski et al. 1993). Structural
coordinates and diffraction structure factors have been deposited
in the RCSB Protein Data Bank with the PDB ID code of 3HKM
for oRrp46 and 3KRN for CRN-5.

His-tag pull-down assays

His-tagged CRN-5 (5 mg) was incubated with CRN-4 (5 mg) in
50 mM Tris-HCl, 300 mM NaCl at pH 7.5, at 4°C for 8 h. After
centrifugation, the protein sample was loaded onto Ni-NTA spin
columns (Qiagen) and washed three times each with Wash-1
buffer and Wash-2 buffer (Wash-1 buffer: 50 mM Tris-HCl, 300
mM NaCl ½pH 7.5], and 2 mM imidazole; Wash-2 buffer: 50 mM
Tris-HCl, 300 mM NaCl ½pH 7.5], and 5 mM imidazole). Bound
proteins eluted with elution buffer (50 mM Tris-HCl, 300 mM
NaCl ½pH 7.5], and 500 mM imidazole) were separated by SDS-
PAGE in 10% gels. CRN-4 and His-tagged CRN-5 were probed
with anti-CRN-4 and anti-His tag antibodies (Novagen) after
transferring onto a PVDF membrane. Detection was carried out
using alkaline phosphatase-conjugated secondary antibody (Milli-
pore) and BCIP/NBT substrate solution.

SUPPLEMENTAL DATA
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